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Abstract
Organic materials, with highly delocalized electron systems, fast response times,
compact size and relative ease of customization have ushered in a new genera-
tion of molecular designs for high optical non-linearities. Our aim in this work
was to investigate the third-order optical polarizabilities of several families of small
organic molecules, providing insights into molecular design for third-order optical
non-linearites. To begin, two distinct families of molecules were examined. Exper-
iments on one group of molecules supported claims that end groups of molecules
have no effect on the strength of third-order non-linearities. Experimental results
from the other, helped demonstrate the effect of pi-conjugation as well as provide
a new design pathway for third-order non-linear optics. Next, two related fami-
lies of organic molecules were examined. Both have systematically increasing con-
jugation length, but one has carbon-carbon (C-C) double bond spacers (Donor-
Acceptor Subsitituted Oligoenes), and the other has C-C triple bond (Donor-
Accptor Substituted Oligoynes) spacers. We showed that the DASOe’s follow
trends established both in previous experiments and theoretical calculations while
the DASOy’s, due to molecular instabilities, fail to perform as expected beyond a
spacer length of three. We also investigated a new molecular design that supports
the claim that triple-bond spaced chromophores (like the DASOy series) can be ex-
tended beyond a length of three spacers and still yield strong third-order polarizabil-
ities. This new molecular design was shown to be stable up to a spacer length of five
bonds and has the highest value of third-order polarizability [40±10×10−48m5/V2]
found in this work. Also, several of these molecules have third-order polarizability
values very close to the fundamental limit and high nonlinearities per unit mass.
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Chapter 1
Introduction
The idea of using light to convey information is not a new one. Signal fires have been
around since fire was first harnessed by man, and the use of Aldis lamps predate
World War I [2]. Much more recently, optical-fiber technology has vastly improved
the ability to communicate over long distances with light. New materials and meth-
ods are constantly being developed for applications such as all-optical switching and
limiting. These applications depend on a property known as third-order suscepti-
bility (χ(3)), which allows light-light interactions to occur. The χ(3) of a material is
the origin of several different well known effects such as third harmonic generation
and the Optical Kerr Effect. These effects can be categorized into resonant and
non-resonant effects. Some materials have resonant non-linearities at wavelengths
commonly utilized for non-linear optics, unfortunately, resonant effects are associ-
ated with photon absorptions and lead to excited state lifetimes that can slow down
the response time (on the order of 10−9s) or worse damage the material. Therefore,
off-resonant effects, with no absorptions and faster response times (on the order of
10−15s) are preferable.
Organic molecules with large off-resonant nonlinearities are good candidates for
optical materials. There are several factors known to influence the non-linearity of
these types of molecules including bond length alternation[3], symmetry[4], length of
the conjugated path and donor-acceptor substitution[5]. Attempts at understanding
the molecular origins of this property have led to designs that have greatly increased
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the non-linearities of molecules [5–7], and several papers have been published regard-
ing maximization of the third order optical non-linearity [7–11]. There are a great
variety of materials that have exhibited high non-linearities, but organic molecular
compounds with pi-electron conjugated chains are the most promising candidates
for application. These materials have not just lead to some of the largest molecular
non-linearities measured [5] but have done so in molecules that are small enough
to be packed into dense non-linear molecular assemblies. Some of these are already
finding their way into applications [1]. Indeed, these types of organic materials, with
highly delocalized electron systems, fast response times, compact size and relative
ease of customization have ushered in a new generation of molecular designs for high
optical non-linearities.
In order for organic molecular compounds to be successfully integrated into all
optical devices bigger is not always better. It is generally true that an extension of
the molecule will lead to larger non-linearities. However, if molecules can be made
compact and still retain strong non-linear properties the advantages will be great.
Given equal non-linearities, an assembly of large molecules will have a lower number
density than an assembly of smaller ones and therefore, the densely packed smaller
molecules will give rise to a larger bulk nonlinearity.
In order to increase the third-order non-linear polarizability one must have a
small energy difference between the highest occupied molecular orbital (HOMO)
state and the lowest unoccupied molecular orbital (LUMO)[12]. Analogous to the
classic “particle in a box” problem of quantum mechanics, the energy of the tran-
sition between these two states will decrease with an increase in the length of the
conjugated path of the molecule. In order to combat this effect and keep the energy
of the transition small, one can attach strong donor and acceptor groups to the ends
of the conjugated path. This has been shown to keep the energetic difference be-
tween HOMO and LUMO constant in small organic molecules, even with increasing
conjugation length [5], which allows the molecules to remain small while still having
a large third-order polarizability.
However, there are several questions regarding the non-linearities of organic
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molecules. How do the types of bonds in the conjugated chain influence the non-
linearity? What is the optimal size of the pi conjugated chain of bonds? What
effects do end groups of the molecules have on the non-linearity? In this work,
I investigated these questions through examination of several different families of
organic molecular compounds. By collaborating with Dr. F. Diederich’s synthetic
chemistry group at E.T.H. Zurich, we were able to obtain several different series of
molecules designed to test the effects of conjugation length and bond type on the
desired properties of small donor-acceptor substituted organic molecules.
I will first introduce the physics of third-order nonlinear optics and the origin
of the effects that I am interested in. I will then discuss the experimental and
theoretical techniques utilized for evaluating these molecules. To start, I examined
two groups of molecules for fundamental reasons. Experiments on one family of
molecules showed support for claims that end groups of molecules have no effect
on the strength of third-order non-linearities. Next I discuss the third-order po-
larizabilities of two families of custom made molecules. Both have systematically
increasing conjugation length, but one has carbon-carbon (C-C) double bond spac-
ers (Donor-Acceptor Subsitituted Oligoenes), and the other has C-C triple bond
(Donor-Accptor Substituted Oligoynes) spacers. The comparison of the two series,
both to previous experiments and each other, gives clues into the optimization of
the third-order polarizability. We then investigate a new molecular design paradigm
that supports the claim that triple-bond spaced chromophores can be extended be-
yond a length of three spacers and still maintain a high non-linearity. This new
design was shown to be stable at least up to a spacer length of five bonds and has
the highest value of the third-order polarizability found in this work. My results
help to highlight the differences between double and triple bonds as spacers and as-
sess the shortcomings and possibilities in these molecular designs of D-A substituted
molecules.
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Chapter 2
Physics of Third-Order
Non-Linear Optics
This chapter contains a summary of the physics behind the properties that are
studied in this work. First is an introduction to non-linear optics and derivations
of first, second and third-order polarizabilities. Next, the quantity of interest, the
third-order polarizability, is discussed in greater detail. I also survey the theoretical
maximums of the third-order optical non-linearity and from it derive several figures
of merit used in this work. Lastly, I talk in brief about the design of the molecules
and what techniques are already being utilized in an attempt to maximize the third-
order nonlinearity.
2.1 Non-Linear Optics
All material responds in some manner to an applied electric field. In the linear,
or low-power, regime this is the commonly known refractive index (n) and linear
absorption (α) of materials. At higher powers however, these quantities become
non-linear and intensity (I) dependent and can be given in the form of:
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n(I) = n+ n2I
α(ω) = α + α2(ω)I (2.1)
As light strikes matter, the photons interact with electrons, which shift away from
their nuclei and towards their excited states and create a polarization. Consider an
electrical field that varies with time E(t) that induces a polarization P (t) in some
material. At low powers this response is linear and follows the form given in equation
2.2.
P (t) = 0χ
(1)E(t) (2.2)
The proportionality constant χ(1) is the linear susceptibility of this material.
However, we can expand this expression for the polarization in a power series about
the field E(t). This results in the expression
P (t) = P (0) + 0χ
(1)E(t) + 0χ
(2)E(t)2 + 0χ
(3)E(t)3 + . . .
= P 0 + P (1)(t) + P (2)(t) + P (3)(t) + . . . (2.3)
The P 0 term was added to account for a possible already present static polariza-
tion. The quantities χ(2) and χ(3) are known as the second and third-order non-linear
optical susceptibilities (sometimes referred to as the first and second hyperpolariz-
abilities). Although this is very simple and in basic form, by assuming the field E(t)
in Eq. 2.3 has the form E(t) = E0(e
−i(ωt)+e−i(ωt)) to equation 2.3 through the third
term leads to an equation with some important consequences
P (t) = P 0 + 0
[
1
2
χ(2)E2 cos(2ωt) +
1
2
χ(2)E2 +
1
4
χ(3) cos(3ωt) +
3
4
χ(3)E3 cos(ωt)
]
(2.4)
Inside the brackets are the terms that lead to four important nonlinear optical
effects. The first term is second harmonic generation, the second is optical recti-
fication followed by third harmonic generation, and lastly the intensity-dependent
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refractive index. Recall equation 2.1 and how it depends on intensity. The nonlinear
absorption and refractive index are related to the real and imaginary parts of χ(3):
n2(ω) =
3
40cn2(ω)
Re[χ(3)(−ω, ω,−ω, ω)] (2.5)
α2, (ω) =
3pi
oλcn(ω)2
Im[χ(3)(−ω, ω,−ω, ω)] (2.6)
These first, second and third-order susceptibilities, χ(1),χ(2) and χ(3), are the
macroscopic analogs to the molecular polarizabilities of the same order, α,β and γ,
respectively. It stands to reason that there must be some relationship between the
bulk and molecular susceptibilities. Consider that the bulk susceptibility will be
directly related to both the molecular susceptibility and the number of molecules
that can fit in a given space. By introducing a local field factor correction f where
f = (n2(ω) + 2)/3 [13] to account for the field seen by a molecule in a polarizable
medium we can write the relationship between the two as:
χ(3) = Nf 4γ (2.7)
where N is number density. When molecules are suspended in a solution, as is the
case with the experiments in this work, N is given by
N =
ρ× C
m
(2.8)
Here, ρ is the density of the solution, m is the mass of the molecule (given in
g/mol) and C is the concentration of molecule given in weight fraction (mass of
molecule/mass of solvent). In the case of low concentrations ρ can be approximated
as the density of the solvent. When the molecules are distributed in solution they are
randomly oriented therefore, one needs to transform the tensor that describes the
second hyperpolarizability of the molecule into that of the lab frame. (pumpernickel)
This is a four coordinate transformation that describes a molecule’s response to the
three applied fields and the fourth produced through third-order interaction of the
beams. Therefore, in situations such as this, the full value of γ is not measured;
what is measured is the rotational average of the γ tensor:
7
γrot =
1
5
3∑
i=1
γiiii +
1
15
3∑
i 6=j
[γiijj + γijij + γjiij] (2.9)
Utilizing this and equation 2.8 we can re-write equation 2.7 as:
χ(3) =
f 4ργrot
M
C (2.10)
The total measured χ(3) of a solution is the sum of the contributions from both
the solvent (χ(3)Sol) and the molecular susceptibilities. Therefore, for a given sample,
the measured χ(3)Samp will be given by:
χ(3)Samp = χ(3)Sol +
f 4ργrot
M
C (2.11)
In principle, χ(3) has both real and imaginary parts. Being off-resonance guaran-
tees that there will be no absorption. The absence of absorption of photons means
there will be no heating or damage of the materials while under intense illumina-
tion. It also means that Im[γrot] will be 0, simplifying the calculations we needed
to describe the process.
2.2 Fundamental Limit
It is useful to consider how large the γrot of a molecule is measured to be compared
to how large it could be. The theoretical limit proposed by Kuzyk is the maximum,
quantum mechanichally allowed limit to the third-order nonlinearity for both cen-
trosymmetric and non-centrosymmetric molecules [12, 14]. He demonstrated that
the maximum value for γ for a centrosymmetric material is
γk =
e4~4N2pi
ε0m2E510
(2.12)
where Npi is the number of pi electrons that contribute to the non-linearity, E10 is
the energy difference between the ground and first excited states and is given by
E10 =
hc
λmax
. In this definition λmax corresponds to the peak of the longest wavelength
absorption band. Studies to date have identified molecules whose γrot comes within
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a factor of 50 of the Kuzyk limit but none closer [5, 6]. This limit depends solely
on the number of contributing pi electrons and the separation between the ground
and first excited state E10.
2.3 Figures of Merit
It was important for us to develop standards and methods of comparison for the
quantities of χ(3) and γrot. Using the fundamentally allowed maximum allowed γk as
a benchmarks, we developed several figures of merit for the efficiency and usability
of the molecules. The literature on the topic of non-linear optics is wide and varied,
and unfortunately, so are the ways in which different measurements are reported.
Many values are listed in SI units [6] while others are given in esu[15], but in this
work we will be using the SI system only.
A direct result of the Kuzyk limit is the figure of merit known as intrinsic third-
order polarizability, and is denoted by γI . It indicates how close the measured
quantity, γrot, is to the maximum allowed value for centrosymmetric molecules, γk,
for the system and is defined as:
γI =
γrot
γk
(2.13)
Reference [13] notes that γ and the other nonlinear coefficients scale rapidly with
the size of the molecule. However, inspection of equation 2.10 reveals that for a bulk
material, where a large χ(3) is the ultimate goal, bigger is not always better. Since
the ultimate purpose of this research is to aid in finding materials that are useful
for fabrication of all-optical devices, another important figure of merit is the specific
third-order non-linear polarizability γ˜ [6]. Recall that we are not just concerned
with finding large values of γ, but also with keeping the molecule smaller to aid
in fabrication. Examining the strength of the third-order polarizability in relation
to the mass of the molecule, quickly gives sense of how efficient the molecule will
be when forming a highly non-linear supramolecular assembly. The quantity γ˜ is
defined as:
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Figure 2.1: A schematic representation of the major components of a typical Donor-
Acceptor Substituted Molecule: Donor, Acceptor and End Group. Below is
an image of the molecule DASOe-4 for comparison. The two cyano groups are
the acceptors, the alternating triple and single bonds are the pi conjugated
system, the phenyl ring and attached nitrogen is the donor group, the hexyl
chains beyond the nitrogen are the extra substituent groups.
γ˜ ≡ γrot
M
(2.14)
where M is the mass of a molecule (in kg/mol) and γ˜ has units of m5/(V2×kg).
To create a large χ(3) by maximizing the value of γrot, smaller molecules would be
preferable because more of them can fit into a given volume. Therefore, if a molecule
has a high nonlinearity per unit mass, a large γ˜ will indicate this efficiency.
2.4 Fundamental Design Principles For Our Non-
linear Optical Molecules
As shown in the beginning of the chapter, non-linearities arise from the ability of
electrons to move away from their parent nuclei. There is a class of molecules
known as conjugated polyenes that posses a series of alternating single and double
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(or single and triple) bonds between atoms. The single (or σ) bonds, have little
effect on the non-linearity because the electrons in those bonds tend to be localized
in space between the bonded atoms. However, the double and triple bonds also
contain pi bonds, which involve two p-orbitals, one from each atom, that share the
bond. Because of the geometry of the orbitals in the pi bond (perpendicular to
the σ bond framework) adjacent pi bonds can interact with each other. Therefore,
electrons in the pi bonds are less tightly bound to the atoms and are free to respond
more strongly to an applied field. It follows from this and from equation 2.12 that
the more pi bonds, and therefore delocalized pi electrons, there are in the molecule,
the higher the resulting γ will be [13, 16].
The other consideration that arises from equation 2.12 is the separation between
the HOMO and LUMO states. If this molecular chain behaved as in the classic
one-dimensional ‘particle in a box’ the energetic separation between ground and first
excited (HOMO and LUMO) states would decrease as the length of the box increases.
If an electron donating group and an electron accepting group are placed at opposite
ends of the conjugated chain, then the HOMO and LUMO states, and therefore E10,
will remain relatively constant even with increasing conjugation length. This allows
a donor-acceptor substituted molecule to start with a higher γ value than would
otherwise be possible. However, this higher starting point comes with a price. The
longer the conjugated chain of molecules becomes, the farther apart the HOMO and
LUMO states lie since they are localized to the donor and acceptor groups. When
the molecule grows in length there is a decrease in overlap between the ground and
first excited state wavefunctions. Therefore the dipole matrix element that governs
this transition will not grow with the size of the molecule as one would expect if
there were no donor and acceptor present [6]. As a result, molecules with D-A
substitution will reach a peak value of γ˜ at a lower number of spacers than without.
Lastly, it is important to note that the end groups of the molecule do not con-
tribute significantly to γ (in Chapter 4, I describe a molecular family that demon-
strates this non-effect of the end groups). Only the pi electrons that are in the
conjugated system between the donor and acceptor groups contribute to γ. There-
fore, anything laying outside of those groups is irrelevant to the strength of the third
11
order polarizability of the molecule. This is not to say that these end groups are
completely unimportant since we are trying to maximize the not just γ, but also
γ˜. However, along with solubility considerations, the added mass is the only way in
which the end groups come into play when considering the design of a molecule for
non-linear optics. Before we delve into such matters, we describe the experimental
techniques used to study such things.
12
Chapter 3
Experimental Techniques
One very robust way of testing the third-order nonlinearity of a material is through
the use of a technique known as Degenerate Four Wave Mixing (DFWM). This
chapter describes our experimental procedure as well as the experimental apparatus
necessary for testing molecular compounds for third-order non-linearities. First
I explain the preparation of a solution of molecules and the techniques used to
determine the exact concentration. I then detail the experimental set-up itself and
how I calculated γ from the data that is gathered. Finally, I describe the use of
quantum chemistry simulations in order to model the molecules that were tested.
3.1 General Sample Preparation Procedure
In order to determine the third-order polarizability of a molecule via DFWM, solu-
tions of various concentrations are required. The procedure began by placing a few
milligrams of the molecule into a clean seven dram glass vial. The mass was deter-
mined on a Mettler balance that is accurate to within ±.01mg. Then the compound
is dissolved in EMD 99.5% A.C.S. assay dichloromethane (DCM) (CH2Cl2) to a con-
centration of at least 0.5% by weight(preferably 2% if there is enough compound,
and it dissolves easily). In order to control the amount of DCM used to dissolve
the molecule, we used a micropipettor with an accuracy of .1 ± µl. By knowing
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the volume of the DCM used for dissolution and its density1, we can calculate the
concentration in terms of weight percent:
Mmolecule[mg]
ρdcm[g/cm
3]× V [µl]
100
(3.1)
This single concentration was then distributed via the micropipettor into a series
of seven identical 1mm thick cuvettes (shown in Figure 3.1).
Figure 3.1: A typical dilution series. The concentrations in this Figure range from ∼1%
(left) to ∼.01% (second from right) by weight. On the right is a cuvette of
only dichloromethane.
These cuvettes are made by Starna Cells from Spectrosilr Quartz and are spec-
ified to be transparent from 170nm – 2700nm. The solutions in these cuvettes or
1Dichlormethane density = 1.33 g/cm3
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“cells” were further diluted with more DCM to produce a series of concentrations
down to as low as .02% by weight. Once these were well mixed to ensure ho-
mogenous solutions, they were scanned from wavelengths of 300nm - 1700nm using
a Perkin Elmer Lambda 9 UV/Vis/IR Spectrophotometer in order to obtain the
linear absorption spectra of each solution.
The first purpose of these spectra was to determine if the molecule had decom-
posed or changed in any way between the time of synthesis and experiment. With
each new molecule, we receive a corresponding linear absorption spectra from our
collaborators. By comparing the spectra we take to the one we were given, we were
able to tell if the molecule is in a condition suitable for testing. The most obvious
changes in the spectra can be seen in the visible range where the linear absorption
peaks make up a unique “fingerprint” for each molecule. If there has been any
decomposition or isomerization of the molecule, the linear absorption peaks may
change heights or even shift to longer or shorter wavelengths (Figure 3.2). Also,
by looking at the linear absorption at 1500 nm, one can determine if the molecule
has dissolved properly. At this wavelength the DCM, cuvette and molecule have
no linear absorption which means that our spectrophotometer should only read an
absorbance corresponding to only the reflection off of the two transparent glass walls
of the cuvette. Given that
A = − log10 T (3.2)
where T is the transmittance and A is the absorbance in Optical Densities (O.D.).
Each glass surface should have reflection losses of only 4%. Therefore, if a solution
does not absorb any of the light, a transmittance of 92% or .92 should be observed.
Putting this value into equation 3.2 gives an optical density of .04. If, however, the
solution is contaminated with dirt or the solution does not dissolve properly, giving
rise to undissolved groups of molecules, there will be scattering losses in addition
to the reflection. When taking an absorption spectrum, these impurities will cause
an absorption of greater than .04 O.D. . Therefore, if we detect an absorbance of
anything greater than .04 at 1500nm we are alerted to the presence of these “floaters”
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Figure 3.2: Comparison of two spectra to identify stability with respect to the origi-
nal compound. The solid curve is the reference spectrum taken when the
molecule was synthesized. The dotted line is the spectrum obtained in our
laboratory. The difference in the spectra are attributed to presence of con-
taminants in the sample that we received; this lead to the absorptions near
600nm and 350nm being weakened.
in the solution which, if severe enough, can impede measurements of the second-
hyperpolarizability. Lastly, a spectrum taken at the conclusion of the experiment
was used to verify that no decomposition has taken place during the experiment.
The second important purpose of taking spectra of the molecular solutions is
to allow accurate determination of the concentration of all of the solutions with a
high degree of accuracy. Although a “nominal” concentration (equation 3.1) can be
estimated for this solution by simply knowing the mass of the molecule present and
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volume and density of solvent, the precision of such a measurement is dependant on
several factors. The most important of these factors is the amount of undissolved
molecule that is available. Although any amount of molecule can be used to create
the solutions needed, an amount on the order of only a few milligrams becomes
difficult to accurately measure. For example, if we are using only one milligram of
molecule, we will have 10% uncertainty in the estimation of the mass because our
balance is accurate only to the tenth of a milligram. Therefore, we would prefer to
have more material to make larger initial solutions thereby reducing our error. In
addition to these uncertainties, other more difficult to quantify variables such as the
amount of solvent lost to evaporation during dissolution, and, whether the molecule
is completely devoid of previous solvents (of particular concern when a solution is
re-used). Any of these can alter the concentration of the solutions and render the
nominally calculated concentrations inaccurate. Therefore, we devised a much more
accurate way of determining the concentrations.
3.1.1 Determination of Solution Concentration
The first step in concentration determination was to take the spectra of all con-
centrations of the molecule. We then superimposed the spectrum of the highest
concentration on top of the spectra from the second highest concentration. The
spectrum of the second highest concentration was multiplied until it fit exactly on
top of the first (Figure 3.3). The ratio between these spectra is the ratio between the
concentrations of the solutions. We continued this procedure for all concentrations
until we had all of the relative concentrations. We then used the spectra provided by
our collaborators, which gives the molecular extinction coefficients,  in 1/mol×cm,
and converted the extinction coefficients to the absorbance (A) we obtain in our
spectrophotometer to allow for a direct comparison. The extinction coefficient and
concentration (C) are related through Beer’s Law
A = × l × C (3.3)
where l is the thickness of the sample. Solving equation 3.3 for concentration plus
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Figure 3.3: Left are spectra of two subsequent dilutions of the molecule (DASOy-3).
Right, the more dilute spectra has been multiplied by a factor of 1.33. The
overlap of the two spectra indicates the factor is correct.
transforming to a mass concentration (Cmass) gives:
Cmass =
A
× l ×Mmol (3.4)
Only once this conversion is complete can we compare it to the spectra we have
already taken. Varying the concentration parameter in equation 3.4 allows us to
scale the converted spectra directly to the most dilute spectra of the molecule2.
This scaling of the reference spectra tells us exactly what the concentration of this
most dilute solution. We then extrapolated the concentrations of the other solutions
by making use of the relative concentrations we had already determined. Note that
any errors in the concentration values that we used depend in a systematic way
on any possible errors in the original determination of the extinction coefficient for
a molecule. This made the need for an accurate reference spectra critical to our
experiments.
Because these “spectral” concentrations are measured directly from the spec-
trophotometer and reference spectra they are more accurate than the “nominal”
2At the lowest concentration, the solution is dilute enough so that the spectrophotometer does
not saturate, guaranteeing a clear comparison.
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concentrations that can be hand calculated from the mass of molecule and volume
of DCM. However, comparison of the two can yield a great deal of information about
the dilution of the molecule. Ideally, the plot of “nominal” vs “spectral” concentra-
tions should be a straight line through the origin with a slope of one indicating that
both yielded the same values. Any deviation from this can help determine if errors
were made or saturation of the solution occurred. For example, in Figure 3.4 values
of the nominal and spectrally determined concentrations for two different molecules
have been plotted. Molecule E-TCBD-3 is shown to have near equivalent nominally
Figure 3.4: A plot of nominal concentration vs. spectrally determined concentration for
two different molecules. E-TCBD-3 is expected for this type of plot while
DASOy-3 is an abberation likely caused when the solution did not dilute
properly. The line plotted with the data is y = 1.
and spectrally determined concentrations and follows the line y = 1 very well. The
nominally calculated values for DASOy-3 decrease as expected, but an inspection of
the spectrally calculated concentrations shows that there was little dilution of the
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solution until a concentration of 0.4 % was reached. This indicates that the solution
did not dilute properly and without a spectrally determined concentration, this error
could have gone unnoticed. However, by plotting these values, we can be sure that
the proper experimental procedure was executed and that the concentrations that
go into the calculation of the second-hyperpolarizability are as accurate as possible.
3.1.2 Re-use of Molecules
Sometimes our sample molecules came to us in quantities as small as 3 mg. Therefore
performing multiple experiments with a pure sample became difficult. During our
experiments, we found that it was necessary to get as many tests out of the samples
as possible so we developed a procedure to reclaim molecules from solution and
make sure they were suitable for use in multiple experiments.
If indeed, the molecule remained in good condition throughout the experiment,
we began the reclamation procedure by emptying the cuvettes into the glass vial
they were first diluted in. In order to extract as much mass as possible from the
cuvettes they were rinsed with DCM which was also to the vial of original solution.
This container was labeled and then loosely covered by its cap to allow the DCM
to evaporate and covered with tin foil in order to prevent any ambient light from
affecting the molecule while it dried. Once the molecule had dried completely, the
vial is sealed and it was stored in a cool, dry and dark place until it was ready to
be used again. When the time to reuse the molecule arrived, the vial was retrieved
and DCM added to it directly in order to produce the first concentration. However,
due to the transfer of the molecules from vial to cuvette and back again, after a few
reuses, the molecules could become contaminated with dirt from the environment
while it dried or even originating from a dirty micropipettor tip thereby making the
solutions full of contaminants (“floaters”) and unusable. In order to circumvent this,
when contaminants were first observed (either directly or through the spectra), the
problem solution was taken up in a syringe and passed through a syringe mounted
.5µm filter. This removed the macroscopic floaters while allowing the much smaller
molecules through and although some molecules were lost to the syringe filtering,
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this minimal loss is preferable to the total loss of a contaminated solution. The
decontamination of the sample was again verified through analysis of the spectrum
as outlined in the previous section.
3.2 Experimental Set-Up
These experiments were performed using a Clark MXR CPA 2101 series laser with
1.2ps pulses, a 775nm output wavelength and 1000Hz repetition rate. This laser is
then directed into a Light Conversion Travelling-wave Optical Parametric Amplifier
System TOPAS that let us tune the output to any wavelength between 280nm and
20µm. We used the output from the TOPAS in a very flexible forward conjugation
[17] Degenerate Four Wave Mixing (DFWM) set up (Figure 3.5). The output from
the TOPAS was first passed through two beam splitters, creating three beams, all
at the same wavelength. One beam was sent down a path of fixed length that
served as a reference for the other two which were sent down paths with variable
delay tracks. These tracks allowed us to match the path length, and therefore the
timing, of the reference beam. The beams were all sent through lenses of equal focal
length and were directed towards the sample. On the final leg of the set up, the
beams were positioned to be on the the corners of a square with their propagation
directions parallel. The mirrors were then adjusted so that the beams focal points
were overlapped and the sample was then mounted in this spot. When all three
of the pulses arrived at the sample together a fourth beam arose due to the third-
order susceptibility (χ
(3)
1111) of the material. Due to the geometry of the overlap of
the beams, the resulting beam propagated outwards in the direction that conserved
wave vector i.e. towards the empty corner of the square (Figure 3.6). This beam
is referred to as the “signal” or “signal beam.” It is then isolated from the three
input beams via pinhole and imaged onto both a CCD camera for real time viewing
and a detector which allowed us to measure the power of the signal. Although the
flexibility of the set up allowed us to perform a variety of different measurements (for
instance, placing polarizers on any or all of the beam paths allowing for examination
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Figure 3.5: The degenerate four wave mixing (DFWM) set-up used in these experiments
as seen from above. Not drawn to scale.
of other components of χ(3), such as χ
(3)
1133) during DFWM experiments we utilized
identically polarized light at a wavelength 1500 nm. For most molecules, this was
far enough away from any linear and two-photon absorption to be considered off
resonant.
In order to determine γrot and γ˜ we started with a cuvette in the set up with
one of the variable tracks moved so that its pulse arrived at the sample 3ps after
the other two. Because of the delay, there was no signal beam produced and the
only thing that the detector read was background noise arising from incoherently
scattered light. The signal from this background noise was on the order of 10 to
100 times less than the peak signal strength. We then stepped the delay track
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Figure 3.6: Schematic diagram of the forward conjugation configuration for DFWM.
Three beams (in red) enter from the left parallel to each other and are
crossed by a lens. The sample (blue) is placed at the crossing point and
χ(3) of the material gives rise to the signal beam (in green for clarity) that
propagates as shown. Not drawn to scale.
forward in small increments taking the average of ten measurements at each step.
As the delayed beam’s timing began to coincide with the other two, the signal
power started to rise till it reached a maximum when the pulses are temporally
aligned. The scan continued past this “zero time” point for another 3ps where the
pulses were again misaligned, the signal faded out and only the background noise
remained (Figure 3.7). The trace produced from such a scan was fit with a Gaussian
curve, the amplitude of which we refer to as the “signal strength.” This scan was
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Figure 3.7: A typical DFWM scan. As the concentrations decrease, so does the peak of
the scan till, at very low concentrations, it is only marginally stronger than
the DCM solvent. Note that a scan of 1mm thick fused silica glass is also
present at the bottom but the peak is difficult to see at this scale.
performed for both the solvent (zero concentration) and all of the prepared solutions.
In cases when the solution was polluted with clusters of undissolved molecules or
other contaminating particulate, large amounts of noise can be seen in DFWM scans
(Figure 3.8). Unfortunately, no conclusions can be drawn from data like this and
the experiments must be repeated after the molecule is filtered and prepared for
re-use.
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Figure 3.8: An atypical DFWM scan. Note the increased noise both to the sides of
and within peak of the scan. Also shown is a scan of DCM from the same
experiment that remains clear and without noise.
3.2.1 Calculation of the Off-Resonant Third-Order Suscep-
tibility (χ(3)) From Experiment
In a degenerate four wave mixing experiment, three pulses combine in a material in
order to create a fourth beam via the third-order susceptibility, χ(3). As described
in reference [17], the strength of the beam produced via this process is proportional
to the square of the field amplitude which in turn is proportional to the polarization
and therefore χ(3). The signal beam’s strength grows as the square of the amplitude
of χ(3), and we can take advantage of the following relation:
χ
(3)Samp
1111
χ
(3)Sol
1111
=
√
SigSamp
SigSol
(3.5)
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However, there are many difficulties in making an absolute measurement of χ(3).
A direct measurement is dependent on various factors such as incident beam in-
tensity, exact beam size, beam overlap etc. and these may vary from moment to
moment depending on the stability of the experimental set up. It is therefore far
easier to make a measurement relative to a well-established quantity.
The χ(3) of fused silica3 [13] is known. We first measured the χ(3) of the solvent
to be used relative to a 1mm thick fused silica plate and then used this relationship
throughout the experiment. Doing so allowed us to perform the experiment with
identical samples rather than alter the set-up to accommodate a differently sized
reference in the middle of the experiment. Between successive experiments, all
relevant quantities remained constant except for the concentration of the samples
inside the cuvettes. Once we had taken the DFWM scans at various concentrations
of molecule, including zero, we measured the amplitude of a gaussian peak fit to the
curve to determine the amplitude of the signal. We took the measured values for
the sample signal (SigSamp)and signal for solvent alone (SigSol) along with (χ
(3)Sol
1111 )
and used Eq. 3.5 to determine (χ
(3)Samp
1111 ) at each concentration. This resulted in a
series of values for χ
(3)Samp
1111 that were plotted against the concentration. When γ is
real, the third order polarizability is the slope of a line that goes through the points.
Such a plot is shown in Figure 3.9. Therefore, we obtained a value of γ through use
of Eq. 2.10.
Once the concentration was accurately determined (as previously detailed), it
was fairly straightforward to extrapolate γrot from a plot of concentration versus the
ratio of χ(3)Samp to χ
(3)F.S.
1111 (Figure 3.9). By comparing the γrot and γ˜ values between
different molecular families conclusions can be drawn regarding the effects of various
donor-acceptor combinations. Within the same family of molecules, examinations
of γrot and γ˜ detail the effects of conjugation length on those values and give us
clues regarding the maximization of.
3χ
(3)F.S.
1111 (−ω,−ω, ω, ω) = 1.9× 10−22 for fused silica at 1.5µm.
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Figure 3.9: A plot of the ratio of χ(3) versus concentration. By fitting a line to this plot,
we extract the value of γrot.
3.3 Theoretical Models
In addition to performing experimental work, we found it beneficial in some cases
to utilize quantum chemistry programs to simulate our molecules in order to give us
another standard of comparison. There is precedent for this approach [16, 18] and
we are using similar techniques.
The first step in our modeling was to re-draw a two dimensional model of the
molecule in the program Marvin Sketch [19]. After this two dimensional sketch was
complete, we input it into the Avogadro [20] program4. It first builds up a three
dimensional geometry that is not included in the simple two dimensional sketch
and then the auto-optimization feature was utilized to optimize the geometry of the
4This choice to utilize multiple programs was based on personal preferences such as ease of
access to features and accessibility of the user interface.
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molecule. Finally, two input files for the quantum chemistry program GAMESS
[21] were produced: one to calculate the γrot and one to calculate the HOMO and
LUMO orbitals (Figure 3.10). The calculation of γrot was carried out through a
Figure 3.10: .
] Simulated HOMO (left) and LUMO (right) states of DASOy-3 from reference
[16].
finite-field method calculation, analyzing how the molecular polarization changes
with respect to an externally applied field. The orbital calculations were done using
energy-based calculations that considers the changes in energy when an external
field is applied. In both calculations, we chose to use the 6-31G++ basis set which
is is the same basis that is used successfully in References [16, 22] but with diffuse
orbital functions included. In our trials, including the diffuse functions turned out
to be necessary to get self-consistent results between the energy and finite field
calculations. Although both methods should produce the same numbers, it was not
found to be the case with only the 6-31G** basis set. Including diffuse functions
brought them into agreement [23].
In the case of simulating HOMOs and LUMOs, one final step is required and
the GAMESS output files were opened in the Molekel5 program [24]. This was then
5Again, the choice to utilize another program was based on personal preferences. Here, the
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used to visualize the HOMO and LUMO wavefunctions of the molecule (Figure 3.11.
A comparison of our results obtained through these methods shows good agreement
with those published in Reference [16] (seen in Figure 3.10).
Figure 3.11: Simulated HOMO (left) and LUMO (right) states of DASOy-3 from our
calculations. Although we choose a different isosurface value, resulting in
orbitals that are drawn closer to the molecule, the results are similar to
those shown in above in Figure 3.10.
visualization of the HOMO and LUMO functions were thought to be much clearer than in other
programs.
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Chapter 4
Non-Linear Optical Investigation
of Small Organic Molecules
Here we describe the non-linear optical properties of two families of molecules. One
family consist of variants of the molecule DDMEBT where the end groups have
undergone slight variations. Results from this family supports the claim that the
end groups of the molecule have little effect on the non-linearity. The other series
has a novel chemical structure that is of fundamental interest. Characterization of
these molecules is helpful in fully understanding the non-linear optical properties of
this new structure. All the molecules in this chapter were investigated by utilizing
the degenerate four wave mixing (DFWM) techniques outlined in Chapter 3.2.
4.1 Tetracyanobutadiynes (TCBD’s)
One of the stronger molecules from previous experiments done in our research group
is DDMEBT. Although this molecule’s gamma was slightly lower than that other
similar molecules [6, 18] it could be vapor deposited to produce exceptionally high
quality thin films [25]. This property was then exploited to coat silicon-on-insulator
waveguides which led to record fast demultiplexing experiments [1]. In early 2008,
our chemist collaborators produced a series of molecules based on this structure.
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This series had the same structure of four cyano acceptor groups, a DMA donor and
one conjugated triple bond spacer. The ends of the molecule beyond the conjugation
path were the only thing that were varied in this series of molecules (Figure 1).
Figure 4.1: TCBD Molecules. Note that the molecules share the same basic structure
until the nitrogen after the benzine ring. Linear absorption spectra for these
molecules can be found in Appendix B.
Each of these molecules were tested using the same degenerate four wave mixing
techniques described in Chapter 3 with no abnormalities to report. Although the
values of γrot that were measured are nothing extraordinarily large (in Chapter 6 we
see a molecule with almost an order of magnitude larger) it is interesting to note that
all of the values fall within, at most, a factor of two of each other. Also interesting
to note is that our measured values of the molecule DDMEBT (molecule 1, in Figure
1) are not the established values found in References [6, 18]. While in the process of
building the experimental set-up described in Chapter 3, we recognized a mistake
in the calibration of the experiments done in References [6, 18]. As a consequence,
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Table 4.1: Molecular and non-linear properties of TCBD molecules
Molecule
Mass Npi λmax  @ λmax γk γrot γI γ˜
[ g
mol
] - [nm] 1000
mol×cm [10
−48 m5
V2
] [10−48 m
5
V2
] - [10−24 m
5
V2∗kg ]
DDMEBT 416.47 26 527 38.1 976 6±1 0.005 7.23
TCBD-1 444.21 26 508 29.3 699 3±.5 0.004 4.07
TCBD-2 472.24 26 534 45.1 897 7±1 0.007 8.92
TCBD-3 472.24 26 506 43.1 685 5±.5 0.006 6.37
TCBD-4 520.24 26 571 38.0 1025 6±1 0.004 6.94
TCBD-5 528.30 26 539 34.5 940 4±.5 0.004 4.56
the reported values of γrot in References [6, 18] are too large and one obtains the
correct values by multiplying them by 2/3. With this taken into account, the values
we obtained for TCBD-1 are in agreement with References [6, 18].
4.2 DDQ Chromophores
Another series of systematically varying molecules based on 2,3-Dichloro-5,6 Dicayano-
1,4-benzoquinone (DDQ) derivatives (Figure 4.2). They feature surprisingly strong
intramolecular charge transfer interactions and, are the first homoconjugated push-
pull chromophores with promising third-order nonlinear optical properties [26]. Like
the aforementioned TCBD series, the DDQ moleucles were all tested for third-order
polarizability with no difficulties. Although these results yielded smaller values of
γrot, they represent a new class of molecules with strong non-linearities for the lack
of an extended conjugated system [26]. Given that these molecules are very small
in size and that they have λmax values in the blue spectra region, the γrot values are
Indeed, DDQ-5 has a value of γrot, comparable to DDMEBT (see Table 4.2), despite
having a very different molecular structure.
32
6Figure 4.2: The small DDQ molecules that are studied in this work. Linear absorption
spectra of these molecules can be found in Appendix B.
4.3 Conclusions
The DDQ molecules help to demonstrate yet another effective design paradigm for
producing effective molecular polarizabilities that can be followed in the future.
Furthermore, the result of DDQ-5 points to the effectiveness of even the shortest
pi conjugated systems in increasing the nonlinearity. This increase in non-linearity
through the extension of the conjugated system is explored further in the next
chapter.
The TCBD’s have, at most, a factor of two between the γrot values of the
molecules. The variation of each γrot, is most likely due to the difficulties asso-
ciated with starting with limited quantities of molecules as discussed in Chapter
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Table 4.2: Molecular and non-linear properties of DDQ molecules
Molecule
Mass Npi λmax  @ λmax γk γrot γI γ˜
[ g
mol
] - [nm] 1000
mol×cm [10
−48 m5
V2
] [10−48 m
5
V2
] - [10−24 m
5
V2∗kg ]
Kato 1 372.2 529 2.554 291 <1 0.002 0.95
Kato 2 386.2 541 1.567 326 0.8±0.8 0.004 1.83
Kato 3 397.2 528 6.945 288 1.6±1 0.006 2.41
Kato 4 512.4 525 3.536 280 2±1 0.007 2.35
Kato 5 795.9 525 3.323 366 5.5±0.5 0.008 4.33
Kato 6 372.2 625 0.296 670 2.5±0.5 0.003 3.62
2.1. Moreover, compared to changes such as the addition of an extra triple-bond
spacer, this variation is rather small. As we will see later on, the addition of a triple-
bond spacer in the pi conjugated chain of a molecule can triple or even quadruple
the γ value. This result indicates that donor-acceptor molecules can be designed
to have a non-linearity largely independent of their end groups. However, γ˜ may
still be very strongly affected by these groups; large end groups attached to smaller
molecules would have a significant effect on the non-linearity per unit mass. I will
make use of this result in the following chapters where it allows molecules that are
structurally similar, except for the end groups, to be compared in a meaningful way.
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Chapter 5
Analysis of the Effects of the
Extension of pi Conjugation on
Third-Order Non-linearities
As previously mentioned, organic molecules with pi conjugated systems can give rise
to very strong optical non-linearities. In this chapter, two families of molecules are
investigated in order to provide insight into the effect of conjugation length and
spacer type. In order to systematically test the effect that the conjugation length
has on a donor-acceptor substituted molecule, our collaborators synthesized a series
of molecules whose length was systematically changed. Here, we look at the behavior
of each series of molecules. We will compare them to each other and to our quantum
chemistry calculations.
5.1 Introduction to Two Families of Molecules
Popular pi-conjugated spacers connecting donors and acceptors run the gamut from
C-C double or triple bonds to any variety of mixed systems. However, direct com-
parisons under identical experimental conditions between the efficiency of olefinic
(CC double bond) and acetylenic (CC triple bond) spacers in enhancing third-order
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optical nonlinearities of push-pull chromophores are rare[8, 16]. In molecules of
this type, it is known that the off-resonant, third-order polarizability strongly in-
creases when the energy associated with the transition from the ground to the first
excited state (HOMO-LUMO gap) decreases [5]. Furthermore, it depends on the
extension of the linear D-A conjugation pathways [5]. Stronger D-A coupling across
shorter pi-conjugated spacers leads to higher-energy absorptions, whereas weaker D-
A coupling across longer spacers results in lower HOMO-LUMO gaps. When the
size of the spacer between donor and acceptor groups is maintained constant, the
HOMO-LUMO gap decreases when the pi-conjugation efficiency decreases [7]. Some
of these postulates were recently further validated in the investigation of the linear
and third-order nonlinear optical properties of small push-pull chromophores bear-
ing DMA donor and cyano acceptor functions [5]. The best of these molecule have
a third-order optical nonlinearity [6] that approaches the theoretically predicted
fundamental limit.
What follows is a comparative study between the third-order nonlinear opti-
cal properties of Donor-Acceptor Substituted Oligoynes (DASOy’s) and Donor-
Acceptor Substituted oligoenes (DASOe’s) (Figure 5.1)under identical experimen-
tal conditions. All the molecules in this chapter were investigated by utilizing the
degenerate four wave mixing (DFWM) techniques outlined in Chapter 3.2. A similar
series of DASOe’s was already studied in [8], however, the third-order polarizabilities
were measured using third-harmonic generation (THG) under increasingly resonant
conditions for the longer molecules.
5.2 Donor-Acceptor Substituted Oligoenes (DASOe’s)
For DASOe-1, we report a γrot of (3.5±1)×10−48[m5/V2]. Although this value is not
extraordinarily high, γk predicts a maximum value of only 196×10−48[m5/V2], giving
BF249 a fairly large γI of 0.017. The next molecule in the series (DASOe-2) has one
more double bond spacer and as expected γrot does increase. However, γI is found to
be less, only 0.0091. This decrease in γI can partially be explained by the presence of
36
Figure 5.1: Left are the Donor-Acceptor Substituted Oligoenes (DASOe) molecules.
Note that molecule 4* is a hybrid between double and triple C-C bond
spacers. Right are the Donor-Acceptor Substituted Oligoynes (DASOy’s).
series of molecules. Spectra for both of these series can be found in the
appendix.
Table 5.1: Molecular and non-linear properties of DASOe molecules
Molecule
Mass Npi λmax  @ λmax γk γrot γI γ˜
[ g
mol
] - [nm] 1000
mol×cm [10
−48 m5
V2
] [10−48 m
5
V2
] - [10−24 m
5
V2∗kg ]
DASOe-1 218.8 14 488 47.0 195 3.5±1.5 0.017 9.08
DASOe-2 264.27 16 519 35.1 346 6±1 0.017 13.7
DASOe-3 275.35 18 539 41.7 529 20±2 0.038 43.7
DASOe-4* 247.29 16 501 36.1 290 5±1.5 0.017 12.2
noise in the DFWM scans of solutions of higher concentrations of the molecule. This
noise, seen in Figure 5.2 diminished significantly with a decrease of concentration,
indicating that the culprit was large undissolved clusters of molecule were present
and subsequently dissolved. The spectrum showed no decay over the course of the
experiment however, it did show a small change in the UV indicating a partial decay
or isomerization (also seen in Figure 5.2). Though successive tests of the molecule
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Figure 5.2: Left is the noisy DFWM scan of DASOe-2. Right, our scanned spectra’s
peak (around 500 nm) is shifted to the UV from the reference spectra and
also has a lower minimum (around 300 nm).
did produce γrot’s of approximately the same value, it is likely that the slight decay,
coupled with the noise caused by the dissolution difficulties, lead to a decrease of
DFWM signal caused and therefore an underestimation of the gamma value. Last in
this series of chromophores is DASOe-3 and again, increasing the number of spacer
bonds by one leads to a stronger γrot. Unlike its shorter counterpart, this molecule
dissolved very well in solution and produced DFWM signals with high signal-to-
noise ratios and its spectrum showed no decay over the course of the experiment.
We can with high confidence assign a γrot of (20 ± 2) × 10−48[m5/V2] and also an
extremely high γI value of 0.062. This value is very nearly three times more than
any other γI found in this work.
5.2.1 DASOe Comparisons
As expected, the DASOe molecules do experience an increase in γrot as spacer length
increases (Table 5.1). It is useful to make a comparison to the oligoenes in Reference
[8]. Although the molecules of Reference[8] have a butyl group in place of methyl
groups, as we have noted in Chapter 4, this end group has no bearing on the third-
order polarizability of the molecule. Therefore, using them for comparison is a
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valid exercise. However, before comparing the two, it was necessary to convert the
values found in Reference [8] from ESU to SI units and to correct for a different
reference value of fused silica. After this conversion was complete, we observed
that, although our numbers were relatively close to Reference [8], we observed a less
dramatic increase of γrot with increasing conjugation length (see Figure 5.3).
Figure 5.3: a
nd the DASOe’s of this work plotted as a function of number of triple-bond spacers.]
The γ values of both the DASOe’s of Reference [8] and the DASOe’s of this work
plotted as a function of number of triple-bond spacers. Because of the strong increase
in γrot we found it useful to plot in log scale.
In order to compare the values produced by GAMESS calculations of γrot to
the experimental data, we took the value of the γxxxx for the first molecule in the
series (DASOe-1) and multiply it by a constant in order to make it equal to our
experimentally determined γrot for this molecule. We then took this scaling factor
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and applied it to the other GAMESS calculated γxxxx’s, creating a normalized series
of values for comparison. In a more careful and thorough calculation, one would
have calculated and taken into account all of the components of γijkl. However, in
the case of our simulations, the γxxxx component was always calculated to be larger
by at least a factor of 10 and in some cases 100. Therefore, it is reasonable to utilize
only this component for simple comparisons. After this scaling, we see that our
molecules fall just below these calculated GAMESS values helping to underscore
the validity of this approach (Figure 5.3). In addition, we observe that the γrot
values from Reference [8] fall increasingly above it. Lastly, the observation that
that the γ increase per spacer in our data is lower than that found in Reference [8]
supports the claim that the γ values are indeed resonantly enhanced above what is
expected for such a molecule.
5.3 Donor-Acceptor Substituted Oligoynes (DASOy’s)
Although DASOy-1 was not one of the molecules that were specifically produced for
study in this work, due to the similarity in structure it was retested, and included.
Not surprisingly, DASOy-1 has the smallest the γrot value of the family. It did not
dissolve very well, and, just as with DASOe-2, the undissolved particulate detracted
from the quality of the DFWM measurement. Despite this difficulty, the γrot is
in accordance with previous experiments done by Dr Joshua May [6] (after taking
into account the error mentioned in Chapter 4). DASOy-2, was not devoid of its
own undissolved floaters but after several measurements, and utilizing the filtering
procedures outlined in Chapter 3.2, we were able to extract a γrot value of 7.5 ±
3×10−48[m5/V2]. Despite this value only being a modest increase from that of
DASOy-1, it comes relatively close to the Kuzyk limit of 185×10−48[m5/V2] and as
such has a very good γI of .041.
The next molecule, DASOy-3, was the most tested of all the molecules in this
work. It was incredibly difficult to dissolve, and after each use of the molecule,
subsequent dilutions showed traces of undissolved floaters. These floaters lead to
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Table 5.2: Molecular and non-linear properties of DASOy molecules
Molecule
Mass Npi λmax  @ λmax γk γrot γI γ˜
[ g
mol
] - [nm] 1000
mol×cm [10
−48 m5
V2
] [10−48 m
5
V2
] - [10−24 m
5
V2∗kg ]
DASOy-1 221.26 14 447 47.1 174 3±1 0.017 8.16
DASOy-2 245.28 16 514 33.3 323 10±3 0.031 24.5
DASOy-3 269.3 18 543 16.0 524 9±3 0.017 20.1
DASOy-4 433.59 20 573 10.1 886 N/A - -
noise in the DFWM traces (shown previously as an example of DFWM noise in
Figure 3.8) that only got worse in subsequent dilutions and the molecule had to be
reclaimed a second time. There was no way to handle this molecule except to put
the solution through the filtering process between almost every test 1. In later tests,
there was a shifting of the relative heights of the peaks indicating that there may
have been some decomposition of the molecule. Finally, enough useable data was
collected to assign a γrot of 9± 5×10−48[m5/V2] to this molecule.
Lastly, no γrot can be assigned to DASOy-4, the final molecule in this series. This
molecule was incredibly difficult to dissolve and on the first (and only) attempt at
dissolution produced a cloudy, grey solution. All DFWM tests done in this state
were completely inconclusive as the signal could not be distinguished from the noise
as seen in the left half of Figure 5.4. Since there were limited quantities of this
molecule to begin with, when it was filtered to remove these impurities there were
only low concentrations remaining to test. Despite finally obtaining a solution free
from floaters, the spectrum of the molecule had changed completely indicating that
a serious decay had occurred (Figure 5.4, right).
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Figure 5.4: Left is the extremely noisy DFWM scan of DASOy-4. Right, the flattening
of the spectra that was taken (dotted line) clearly indicates decay from the
reference (solid line) spectrum.
5.3.1 DASOy Conclusions
Despite some missing data for DASOy-4, we still notice unexpected results for the
γrot values in Table 5.2. The DASOy molecules only track the behavior of the
DASOe’s for the first two molecules in the series. γrot did not increase between two
and three spacers as it did for its the DASOe series. A comparison to the γrot value
calculated by GAMESS (Figure 5.5) also shows that this is indeed an unexpected
result as the theory predicts an increase in γrot through the three bond spacer.
There two possible reasons for this experimental result. The first possibility is that,
for this particular donor-acceptor pairing, the HOMO and LUMO states quickly
become strongly localized at the two ends of the molecules. With the overlap integral
severely decreased, there would be a small dipole matrix element for the transition
and a therefore, a γrot that would rapidly weaken as spacer length increases. To
investigate this possibility we used GAMESS to plot the HOMO-LUMO states for
both DASOy-3 and DASOe-3. Upon inspection of the produced plots, we do not
believe this should not be the case, as theoretically modeled HOMO and LUMO
1DASOy-e was so problematic that the procedure described in Chapter 3.2 was first designed
in order to facilitate testing of this molecule.
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Figure 5.5: The DASOe’s and DASOy’s of this work and the theoretically calculated
values.
states for DASOy-3 still show an overlap that is not unlike that of DASOe-3.
The other, more likely explanation, is that the lack of stability of the molecules
is the cause of the unexpected results. In each of the molecules of this series, there
were more floaters and noise in our measurements as the molecules increased in size
until they are completely broken down and unusable at a length of 4 spacers. It is
possible that as a DASOy molecule becomes longer it becomes unstable and breaks
down, polluting the solution and causing the large amounts of scattering that we
have observed [16]. This would then lead to our inability to detect and isolate a
good DFWM signal at all or, at the very least, reduce the measured amplitude of
the signal with respect to our reference. This lack of stability may have been the
cause of the need for continual filtering of DASOy-3 and the complete breakdown
of DASOy-4.
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5.4 Overall Conclusions
The conclusions from the analysis of C-C triple and double-bond spacers with respect
to enhancement of third-order optical nonlinearities are ambiguous. The oligoenes
have a better ability to produce good homogenous solutions for the nonlinear optical
measurements and show a clear increase in third-order polarizability with the size
of the spacer. In addition, the oligoenes follow the trends established in previous
experiments and are good candidates for further study of conjugation extension.
Unfortunately, the same can not be said of the oligoynes studied here. Indeed, the
DASOy molecules showed signs of third-order polarizability being maximized at a
length of only two spacers. In addition, all of these molecules appear to be much less
capable of producing a good homogenous solution and show signs of decomposition
for the larger molecules. This instability prevented an extension of the series to
longer spacer lengths. On the other hand, theory predicts that an extension of these
molecules beyond a length of three spacers should be possible and can still maintain
a HOMO-LUMO overlap that is capable of producing measurable values of γrot. In
the next chapter, we see that this extension is not only possible, but leads to the
largest value of γrot found in this work.
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Chapter 6
Optimization of Extended TCBD
(E-TCBD) Molecules
As shown in the previous chapter, some types of molecules, with longer conjugation
lengths, have difficulties remaining stable. In an attempt to circumvent the problems
of the oligoynes, the non-planar structure of DDMEBT was chosen to be the basis of
a family of molecules of systematically increasing conjugation length. This family of
extended conjugation TCBD molecules possess the same donor-acceptor structures
presented in Chapter 4, but with varying conjugation lengths. We exploit these new
molecules in an attempt to discern the optimal conjugation length for molecules
of this type and push the limits of extended chains of C-C triple bonds. All the
molecules in this chapter were investigated by utilizing the degenerate four wave
mixing (DFWM) techniques outlined in Chapter 3.2.
6.1 E-TCBD Results
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Figure 6.1: E-TCBD family of molecules. DDMEBT from [1] is E-TCBD-1
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The most striking outcome of this study is the large value of γrot for E-TCBD-5;
it is the largest gamma that we have found in this study. Also, despite being the
largest molecule in this series, has the largest value of γI as well. The only caution
is that an inspection of the linear absorption spectrum in Figure 5 reveals that this
value may be slightly resonantly enhanced. The presence of a weak absorption near
750 nm indicates that there may exist a contribution from a two-photon resonance.
It is recommended that further tests of this molecule at longer wavelengths be
conducted to prove or disprove the existence of this enhancement. Also, the addition
of the extra acceptor groups (four compared to two for the DASOy and DASOe’s)
makes the molecules more stable. After repeated dilutions, all molecules tested
with this structure, DDMEBT, E-TCBD-3, and E-TCBD-5, showed no signs of
decomposition. Unfortunately, E-TCBD-2 was inconclusive during its tests due to
the presence of contaminants in the solution [27] that rendered it unusable (Figure
3.2). As a result, the spectra showed severe changes from what was expected, and
all test results must be disregarded.
In conclusion, the E-TCBD molecules are very promising directions for further
development. Both of the molecules of this series and their γrot values are very large.
Where we have observed the oligoynes of Chapter 5 apparently unable to increase
γrot beyond a length three spacers, it is remarkable that E-TCBD-5 produces such
a high value. In addition to the larger nonlinearity, simulations of the HOMO and
LUMO states of E-TCBD-3 and E-TCBD-5 show no great localization of the HOMO
and LUMO states despite the addition of two more acceptor groups. This leads us
to conclude that the small values of γrot for the DASOy molecules should be ascribed
to problems with the stability and not over-extension of the pi conjugated chain.
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Figure 6.2: A comparison between the γrot of the DASOy’s and E-TCBD’s of this work.
Due to E-TCBD-5’s large γrot value, the vertical axis is in log scale.
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Chapter 7
Conclusions and Future Work
In this work, we investigated the third-order optical non-linearities of several families
of small organic molecules. In Chapter 4, we demonstrated that the value of γrot
in donor-acceptor substituted molecules is independent of the alkyl groups attached
to the donor. Another fundamental study demonstrated a new design pathway for
organic non-linear optical molecules. In particular, one of these DDQ molecules (5)
showed a large increase in non-linearity when outfitted with a pi conjugated spacer,
both reinforcing the claim that pi conjugation is an effective means of increasing the
nonlinearity and hinting at potential for an exciting new design in non-linear optics.
In Chapter 5, we were also able to analyze the difference between double and
triple C-C bonds for use as spacers in pi conjugated molecules. Where the double
bonded molecules performed as expected when compared to both theory and previ-
ous experiments, triple bonds did not. Although this cast doubt on the effectiveness
of triple-bonded molecules for use as spacers in D-A substituted molecules, in Chap-
ter 6 we showed that this was not the case. Indeed the E-TCBD’s showed that triple
bonds can be quite effective as spacers and helped to give rise to the largest γrot value
in this study. The reason the DASOy molecules of Chapter 5 did not demonstrate
increasing values of γrot beyond a length of 3 spacers was not an over-extension of
the pi conjugated system, but instead to a breakdown of the molecule itself. Further
study of the DASOy molecules would be warranted in order to determine the exact
cause of the breakdown and to find a way of overcoming it.
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Both the E-TCBD molecules and DDQ-5 point to great opportunities for these
types of molecules. The DDQ series has thus far only been extended by a single
spacer and it would be interesting to see how the value of γrot increases with con-
jugation length in this family of molecules. The E-TCBD molecules provide two
promising avenues for development currently underway. First, even at a length of 5
spacers, the molecules did not yet break down and, it appears that the value of γrot
is still on the rise. It would be interesting to see how far extension of the triple-bond
chain can go while still maintaining its powerful non-linearity. It would also be of
interest to see whether or not this increase in non-linearity is predicted by theoret-
ically calculated trends. Also, the structure this series is based on (DDMEBT) was
used very successfully for vapor deposition of thin films with high optical nonlin-
earity [1, 25], making the E-TCBD’s a highly interesting candidate for thin films.
Currently large quantities of E-TCBD-3 are being produced to allow for deposition
of new thin films.
The potential has been shown in many of these molecules for both large values
of γ as well as γ˜ so we believe these molecules represent yet another important step
toward even higher molecular and bulk non-linearities.
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Appendix A: Table of Investigated
Molecules
Name
Image
Mass[ gmol ] λmax[nm] γrot[10
−48 m5
V2
] γI [-]
Npi [-]
This Work  @ λmax[
1000
mol×cm ] γk[10
−48 m5
V2
] γ˜ [10−24 m
5
V2×kg ]
Referenced In
TCBD-1
444.2062 508 3±2 0.0069
24
Chapter 4 29.34 699 4.07
N/A
TCBD-2
472.238 534 7±2 0.008
24
Chapter 4 45.06 897 8.92
N/A
TCBD-3
472.238 506 5±2 0.007
24
Chapter 4 43.02 685 6.37
N/A
Continued on Next Page. . .
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TCBD-4
520.238 571 6±2 0.007
24
Chapter 4 37.99 1250 6.94
N/A
TCBD-5
528.3 539 4±2 0.004
24
Chapter 4 34.49 940 4.56
N/A
DDQ-1
372.2 529 <1 N/A
14
Chapter 4 2.554 291 N/A
[26]
DDQ-2
386.2 541 0.8±0.8 0.002
14
Chapter 4 1.567 326 1.25
[26]
DDQ-3
397.2 528 1.6±1 0.006
14
Chapter 4 6.945 288 2.42
[26]
Continued on Next Page. . .
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DDQ-4
512.4 525 2±1 0.007
14
Chapter 4 3.536 280 2.35
[26]
DDQ-5
795.9 525 5±0.5 0.014
14
Chapter 4 3.323 366 3.78
[26]
DDQ-6
372.2 625 2.5±0.5 0.004
14
Chapter 4 0.2958 670 4.04
[26]
DASOe-1
218.8 488 3.3±1 0.017
14
Chapter 5 46.988 195 9.08
[16]
DASOe-2
264.27 519 6±1 0.017
16
Chapter 5 35.055 346 13.67
[16]
Continued on Next Page. . .
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DASOe-3
275.35 539 20±2 0.038
18
Chapter 5 32.073 529 43.73
[16]
DASE
247.29 501 5±1.5 0.017
16
Chapter 5 10.10 290 12.17
[16]
TDMEE
246.27 592 8±1 0.011
16
Chapter 5 36.990 668 18.75
[6, 7, 18]
DASOy-1
221.26 477 3±1 0.017
14
Chapter 5 44.061 174 8.16
[16]
DASOy-2
245.28 512 10±3 0.031
16
Chapter 5 33.318 323 24.54
[16]
Continued on Next Page. . .
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DASOy-3
269.3 538 9±5 0.017
18
Chapter 5 16.052 524 20.12
[16]
DASOy-4
433.59 573 N/A N/A
20
Chapter 5 10.10 886 N/A
[16]
DDMEBT
416.47 526 6±1 0.006
24
Chapter 6 38.149 832 7.23
[1]
ETCBD-2
440.2 566 13±3 0.009
26
Chapter 6 40.01 1408 17.78
N/A
ETCBD-3
463.19 596 21±2 0.010
28
Chapter 6 34.41 2110 27.29
N/A
Continued on Next Page. . .
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ETCBD-5
624.77 628 40±10 0.011
32
Chapter 6 20.72 3590 38.54
[16]
57
Appendix B:
Spectra of Investigated Molecules
Figure 1: Linear absorption spectra of the TCBD Molecules found in Chapter 4.
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Figure 2: Linear absorption spectra of the DDQ molecules found in Chapter 4.
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Figure 3: Linear absorption spectra for the DASOe molecules found in Chapter 5.
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Figure 4: Linear absorption spectra of the DASOy molecules found in Chapter 5.
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Figure 5: Linear absorption spectra of the E-TCBD molecules found in Chapter 6.
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Lehigh. Thanks for all your help and support.
To “Team Mural:” You gave me something to look forward to, escape to and
laugh about every week through my ordeal. Archaeopteryx.
To my family and friends: Thank you for all your support. I haven’t always been
home for holidays, or births, or anything really, but I hope you now believe, as I do,
that the sacrifice was worth it. All of you have helped to shape me into who I am
today and I am deeply grateful to each and every one of you.
67
Vita
Philip Robert La Porta was born on November 18th, 1982 to parents Kathleen and
Robert La Porta.
He graduated from Lodi High School in Lodi, New Jersey in 2001. He graduated
from Muhlenberg College in 2005 with a Bachelors of Science degree in Physics (Cum
Laude). The following fall, he started at Lehigh University where he was awarded a
Masters of Science in Physics in January of 2007. He received his PhD. in Physics in
September of 2011. During his graduate studies at Lehigh, he was named an Amer-
ican Association of Physics Teachers Outstanding Teaching Assistant and Lehigh’s
own Graduate Student Teaching Assistant Award for the 2010-2011 academic year.
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